Comparing unilateral and bilateral upper limb training: The ULTRA-stroke program design by van Delden, A (Lex) EQ et al.
BioMed  Central
Page 1 of 14
(page number not for citation purposes)
BMC Neurology
Open Access Study protocol
Comparing unilateral and bilateral upper limb training: The 
ULTRA-stroke program design
A (Lex) EQ van Delden*1, C (Lieke) E Peper1, Jaap Harlaar2, 
Andreas Daffertshofer1, Nienke I Zijp3, Kirsten Nienhuys3, Peter Koppe3, 
Gert Kwakkel2 and Peter J Beek1
Address: 1Research Institute MOVE, Faculty of Human Movement Sciences, VU University Amsterdam, Van der Boechorststraat 9, 1081 BT 
Amsterdam, The Netherlands, 2Research Institute MOVE, Department of Rehabilitation Medicine, VU University Medical Center, De Boelelaan 
1117, 1081 HV Amsterdam, The Netherlands and 3Rehabilitation Centre Amsterdam, Overtoom 283, 1054 HW Amsterdam, The Netherlands
Email: A (Lex) EQ van Delden* - l.vandelden@fbw.vu.nl; C (Lieke) E Peper - c_e_peper@fbw.vu.nl; Jaap Harlaar - j.harlaar@vumc.nl; 
Andreas Daffertshofer - a.daffertshofer@fbw.vu.nl; Nienke I Zijp - n.zijp@rcamsterdam.nl; Kirsten Nienhuys - k.nienhuys@rcamsterdam.nl; 
Peter Koppe - p.koppe@rcamsterdam.nl; Gert Kwakkel - g.kwakkel@vumc.nl; Peter J Beek - p.beek@fbw.vu.nl
* Corresponding author    
Abstract
Background: About 80% of all stroke survivors have an upper limb paresis immediately after
stroke, only about a third of whom (30 to 40%) regain some dexterity within six months following
conventional treatment programs. Of late, however, two recently developed interventions -
constraint-induced movement therapy (CIMT) and bilateral arm training with rhythmic auditory
cueing (BATRAC) - have shown promising results in the treatment of upper limb paresis in chronic
stroke patients. The ULTRA-stroke (acronym for Upper Limb TRaining After stroke) program was
conceived to assess the effectiveness of these interventions in subacute stroke patients and to
examine how the observed changes in sensori-motor functioning relate to changes in stroke
recovery mechanisms associated with peripheral stiffness, interlimb interactions, and cortical inter-
and intrahemispheric networks. The present paper describes the design of this single-blinded
randomized clinical trial (RCT), which has recently started and will take several years to complete.
Methods/Design: Sixty patients with a first ever stroke will be recruited. Patients will be stratified
in terms of their remaining motor ability at the distal part of the arm (i.e., wrist and finger
movements) and randomized over three intervention groups receiving modified CIMT, modified
BATRAC, or an equally intensive (i.e., dose-matched) conventional treatment program for 6 weeks.
Primary outcome variable is the score on the Action Research Arm test (ARAT), which will be
assessed before, directly after, and 6 weeks after the intervention. During those test sessions all
patients will also undergo measurements aimed at investigating the associated recovery
mechanisms using haptic robots and magneto-encephalography (MEG).
Discussion: ULTRA-stroke is a 3-year translational research program which aims (1) to assess the
relative effectiveness of the three interventions, on a group level but also as a function of patient
characteristics, and (2) to delineate the functional and neurophysiological changes that are induced
by those interventions.
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The outcome on the ARAT together with information about changes in the associated mechanisms
will provide a better understanding of how specific therapies influence neurobiological changes, and
which post-stroke conditions lend themselves to specific treatments.
Trial Registration: The ULTRA-stroke program is registered at the Netherlands Trial Register
(NTR, http://www.trialregister.nl, number NTR1665).
Background
In the Netherlands, each year more than 32,000 patients
sustain a stroke [1,2], and the incidence is expected to
have increased by 30-45% by 2015 [3]. About 80% of
stroke survivors suffer from an upper limb paresis imme-
diately after stroke [4], hampering movement of the
paretic arm and bimanual coordination [5].
Spontaneous recovery after stroke is limited, and knowl-
edge about which mechanisms lead to spontaneous recov-
ery is incomplete [6]. Restitution of non-infarcted
penumbral tissue (i.e., reestablishment of metabolism in
the tissues surrounding the infarcted area) [7] and resolu-
tion of diaschisis (i.e., relief of suppression of anatomi-
cally related brain areas) [8], together with recovery of
neurotransmission in spared tissue near and remote from
the infarct [7,8], are held mainly responsible for the non-
linear recovery pattern observed in the first weeks post-
stroke [6].
In addition to these early post-stroke developments, func-
tional recovery of the upper extremity is promoted by
plastic changes in the functioning of the brain, which, in
general, also occur in learning [9]. These experience-
induced changes are brought about by a combination of
neural repair and neuro-anatomic reorganization, and
include greater excitability and recruitment of the neurons
in both hemispheres, sprouting of dendrites, and
strengthening of synaptic connections [7,10-16].
Although the aforementioned processes may suggest an
optimistic view on post-stroke recovery, only one third of
all stroke patients regain some dexterity within six months
using conventional treatment programs [7]. This means
that 60-70% of all stroke survivors will continue to expe-
rience major functional limitations of the upper extremity
[17], which are associated with diminished health-related
quality of life after stroke [7,18].
In light of this grim prospect, it is encouraging that recent
studies, capitalizing on the concept of experience-induced
neuroplasticity, have produced promising results using
specific interventions aimed at arm-function improve-
ment. One such intervention is bilateral arm training with
rhythmic auditory cueing (BATRAC), which has been
shown to have beneficial effects on the paretic arm in
chronic stroke patients [19], possibly as a result of changes
in contralesional cortical networks [20]. This suggests that
motor function in the impaired paretic arm may be
regained by exploiting interhemispheric interactions [21].
In particular, based on the principle of interhemispheric
recruitment from the non-affected hemisphere (i.e., exer-
cise-induced neuroplasticity by means of "neural cross-
talk"), BATRAC may serve as an effective therapy for
patients in whom the corticospinal tract (CST) system is
seriously affected [22] - a group of patients for which
effective therapies are urgently lacking and prospects of
arm function recovery are particularly poor [8,17]. Fur-
thermore, a recent meta-analysis on upper limb robotics
suggests that distally oriented repetitive bilateral arm
training is more effective than a more proximally oriented
approach [23]. In addition, longitudinal studies with
repeated measurements in time suggest that an early
return of wrist and finger extension is a pre-requisite for
regaining some dexterity [24-26]. These findings support
the hypothesis that the effectiveness of BATRAC may be
enhanced by performing repetitive flexion and extension
movements of wrist and fingers, rather than rhythmic
movements of more proximal parts of the arm.
In contrast, various controlled trials have suggested that
intensive unilateral training by constraining movements
of the non-paretic arm (constrained-induced movement
therapy, CIMT) is an effective method for improving
upper limb function in chronic stroke patients [18,27-29].
This suggests that training may also induce beneficial
changes in the affected rather than the non-affected hem-
isphere and raises the question whether the improved
functionality of the paretic arm with BATRAC indeed
results from exploiting interhemispheric interactions, or
merely from training with the affected arm [20].
The ULTRA-stroke program entails a randomized clinical
trial (RCT) in which the merits of both BATRAC and CIMT
are compared with each other and those of an equally
intensive (i.e., dose-matched) conventional treatment
program. To this end, participants will be divided over
three intervention groups and the effects of the interven-
tions will be assessed prior to training (t0), after 6 weeks
of training (t1), and 6 weeks after training (t2). The pri-
mary aim of the ULTRA-stroke program is to assess the rel-
ative effectiveness of the three interventions on a group
level and as a function of patient characteristics. In addi-
tion, the program aims for delineating the functional andBMC Neurology 2009, 9:57 http://www.biomedcentral.com/1471-2377/9/57
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neurophysiological changes that are induced by those
interventions. This led to the following research ques-
tions:
▪ Which of the three interventions - modified BATRAC,
modified CIMT, or a dose-matched conventional
treatment (DMCT) - is more effective in terms of
recovery of (unimanual and bimanual) hand and arm
function in subacute stroke patients?
▪ How are the observed changes in functionality
related to changes in peripheral stiffness, interlimb
interactions, and cortical inter- and intrahemispheric
networks?
The effectiveness will be assessed by a range of functional
outcome measures pertaining to motor ability of the
paretic arm, activities of daily living (ADLs), bimanual
coordination, and peripheral motor functioning. Besides
further elucidating the merits of bilateral versus unilateral
upper limb training in general, the study will generate spe-
cific insights into the effectiveness of distally oriented
(modified) BATRAC, specifically aimed at improving
wrist and finger extension [24-26], and into the effective-
ness of (modified) CIMT as applied in a thus far hardly
studied stage after stroke [30].
In light of contrasting results and divergent perspectives
regarding underlying mechanisms of current interven-
tions [31], their potential dependence on the neurological
characteristics of stroke survivors will also be a topic of
investigation in the ULTRA-stroke program. It has been
proposed that the effectiveness of CIMT is dependent on
CST integrity [32-34], which is essential for motor control
of the distal part of the upper limb. On the other hand,
BATRAC may be expected to be less dependent on the
integrity of the CST, as it appears to induce reorganiza-
tions in cortical inter- and intrahemispheric networks
[21,22]. To cope with this issue, participants will be cate-
gorized in terms of their motor ability of the distal part of
the arm [8].
In short, we hypothesize that both modified CIMT and
modified BATRAC significantly improve upper limb func-
tion when compared to DMCT. Modified CIMT is
expected to have a larger impact on those subjects who
already showed some dexterity at recruitment than on
subjects that were more restricted in this regard, given the
proposed importance of CST integrity for motor control
of the distal part of the upper limb [25]. Modified BAT-
RAC, on the other hand, is expected to be also effective for
the latter group of subjects, thanks to influences stem-
ming from and reorganizations in the contralesional hem-
isphere (see also [35-37]). The effects of modified
BATRAC and modified CIMT are both expected to sustain
during the follow-up period of 6 weeks. To uncover the
mechanisms associated with intervention-induced func-
tional improvement, three kinds of analysis will be
included.
First, endpoint mechanical behavior of the paretic wrist,
under both passive and active conditions, will be assessed
to determine both paresis and stiffness, the latter
described in terms of intrinsic visco-elasticity and reflexive
feedback properties [38]. In active posture tasks the nega-
tive signs of post-stroke limb dysfunction prevail (viz.,
paresis and poor adaptation of reflexes; [39]). Under pas-
sive  conditions, however, enhanced joint stiffness and
hyper-excitability of the reflex loop (viz. enhanced ten-
dency for synchronous and self-sustained firing of the
motor neuron pool) are evident [40,41]. Because the spi-
nal reflex loop is under control of higher brain areas, loss
of CST integrity and persistent central nervous system
reorganization is anticipated to be related to high joint
stiffness, absence of reflex modulation, and signs of
hyper-excitability of the reflex loop. Assuming that
increased joint stiffness is specifically associated with loss
of CST integrity, modified BATRAC is expected to be more
effective in reducing these effects than modified CIMT for
participants with minimal hand/finger control.
Second, bimanual coordination will be examined in all
detail. Bimanual coordination is characterized by inter-
limb interactions [42,43] that result in stabilization of
specific bimanual coordination patterns [5,44-49]. The
success of bilateral training protocols (such as BATRAC)
has been ascribed to the presence of such interlimb inter-
actions [21], suggesting that influences from the contrale-
sional hemisphere are beneficial for performance of the
paretic limb. Bilateral training may also induce adapta-
tions in these interactions, potentially strengthening its
advantageous influence on paretic arm performance as
well as improving bimanual performance. Therefore,
modified BATRAC is expected to induce more improve-
ment in these interactions than both modified CIMT and
DMCT.
Third, treatment-induced neuronal reorganization will be
identified using magneto-encephalographic recordings
(MEG). Given its high temporal resolution, MEG is a very
suitable non-invasive tool for studying patterns of corre-
lated neuro-electrical activity within and across hemi-
spheres. MEG recordings of unimanual and bimanual
tasks will be conducted prior to and after interventions to
investigate treatment induced changes in these patterns.
Functional MRI studies and TMS studies already indicated
that, during paretic arm movement, CIMT results in
increased metabolic activation in the primary sensorimo-
tor cortex of the affected hemisphere [50-62], whereasBMC Neurology 2009, 9:57 http://www.biomedcentral.com/1471-2377/9/57
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BATRAC results in increased metabolic activation in the
contralesional cerebrum and ipsilesional cerebellum
[20,21].
Modified CIMT is hence expected to result primarily in
changes in ipsilesional hemisphere functioning, i.e.,
greater activity in the primary sensorimotor cortex of the
affected hemisphere and increased phase synchronization
between regions surrounding the lesion (we note that
assessing the latter requires the high temporal resolution
of encephalographic recordings), which may be related to
restitution of its former functionality. In contrast, modi-
fied BATRAC is expected to primarily induce adaptations
in the contralesional hemisphere, enhanced activity in the
(ipsilesional) cerebellum (possibly reflecting enhanced
timing abilities), and a considerably greater increase in
the degree of phase synchronization between the lesioned
hemisphere and the contralesional hemisphere than will
occur as a result of either modified CIMT or DMCT. This
finding would indicate compensatory cortical reorganiza-
tions in which the coupling to the nonaffected hemi-
sphere acquires a special role in the motor control of the
paretic arm.
Methods
The ULTRA-stroke program has been approved by the
Medical Ethical Reviewing Committee of the VU Univer-
sity Medical Centre (protocol number 2008/296, Dutch
Central Committee on Research Involving Human Sub-
jects, CCMO, protocol number NL20456.029.08).
Recruitment
Sixty patients, admitted to the Rehabilitation Centre
Amsterdam (RCA), who meet the criteria within 6 months
after stroke onset will be recruited. Both in- and outpa-
tients will be enrolled.
The inclusion criteria are: a first-ever ischemic or hemor-
rhagic stroke in one of the hemispheres, as verified by CT
and/or MRI scan; an upper limb deficit, however with
minimal control of the paretic wrist and fingers (i.e., able
to execute at least 10° of active wrist extension, at least
10° of thumb abduction/extension, and at least 10°
extension in at least 2 additional digits); a score on the
Action Research Arm Test (ARAT) of less than 53 points;
between 18 and 80 years of age; written or oral informed
consent; sufficient motivation to participate.
The exclusion criteria are: upper extremity orthopaedic
limitations; not being able to communicate (i.e., < 4
points on the Utrecht Communication Observation, UCO
[63]); a Mini Mental State Examination (MMSE) score of
< 24 points [64]. Patients with a pacemaker or metallic
implant will be recruited. However, they will not be sub-
jected to MEG-recordings given the interference with the
magnetic signal. There will be no restrictions with respect
to gender, ethnicity, or socio-economic status.
Design
The intake procedure will take place the week following
informed consent. After the intake procedure, which will
include the first assessment of outcome variables, patients
will be stratified in those with some dexterity and those
with minimal control of paretic wrist and finger exten-
sion. Patients with some dexterity are able to execute >
10° finger extension of each metacarpophalangeal and
interphalangeal joint of all digits and > 20° wrist exten-
sion. Patients with minimal control are those who meet
the criteria of inclusion (i.e., able to execute at least 10° of
active wrist extension, at least 10° of thumb abduction/
extension, and at least 10° extension in at least 2 addi-
tional digits), but not (yet) the criteria of some dexterity.
After stratification, patients will be randomized in per-
muted blocks and allocated to one of the three interven-
tion groups (i.e., modified BATRAC, modified CIMT, or
DMCT). Concealed allocation is effectuated with an
online, computerized randomization procedure accord-
ing to the minimization method [65]. Other therapists
and social workers will provide regular care depending on
patient needs.
After the first assessment and randomization, an interven-
tion period will take place for 6 consecutive weeks. The
effects of the interventions are examined using a pretest-
posttest design. The pretests (t0) are performed in the
week prior to intervention and posttests (t1) are per-
formed in the week after intervention. The degrees to
which changes are sustained are examined using retention
tests (t2), 6 weeks after completion of the intervention.
Figure 1 shows the time schedule for effectuating the
entire protocol. (Figure 1.)
Interventions
The interventions will be applied by physiotherapists and/
or occupational therapists working at the RCA. If possible,
interventions will be applied in groups with no more than
3 patients per group in a treatment session.
Modified BATRAC
The modified BATRAC group receives 60-minute sessions,
3 days a week for 6 consecutive weeks. Treatment will be
applied in 3-minute movement periods interspersed with
5-minute rest periods (i.e., effectively 21 minutes of active
movements). During the rest periods and before the first
exercise, patients will receive visual and oral feedback on
the previous exercise (when applicable) and instructions
for the following exercise. The movements during the
exercises are paced by an auditory metronome. The tempo
of the auditory cues depends on the severity of the upper
limb deficit and is selected individually. Over the courseBMC Neurology 2009, 9:57 http://www.biomedcentral.com/1471-2377/9/57
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of training the tempo is adjusted in response to improve-
ment in task performance.
Apparatus
During therapy, custom-made modified BATRAC-appara-
tuses (developed at the Faculty of Human Movement Sci-
ences of VU University Amsterdam) will be used (see
Figure 2A). The apparatus is mounted on a chair with arm
rests. At the distal end of each arm rest, a manipulandum
with a handgrip is fitted which allows motion in the hor-
izontal plane. In front of the patient, between the arm
rests, a removable table top is placed. The patient is seated
on the prepared chair, with the ankles in neutral dorsiflex-
ion and knees and hips placed at 90°. The patient's hands
are vertically fixated to the handgrips and the lower arms
are fixated to the arm rests with Velcro straps. These fixa-
tions, together with an adjustable stop at the proximal end
of the arm rests, allow flexion and extension movements
of the wrist only. The distance of the handgrip on the
manipulanda is adjustable to make sure the rotation axis
of the wrist is aligned with that of the manipulandum.
Below the manipulanda, potentiometers (FCP40A, toler-
ance ± 0.1%, Sakae Tsushin Kogyo Co., Ltd., Nakahara-ku,
Kawasaki-city, Japan) are attached that measure the move-
ments (i.e., wrist rotation) during exercise. A computer
connected to the potentiometers registers these move-
ments and provides feedback. The computer is also used
to start each exercise, i.e., exercise type (see below) and
pacing frequency are set via the computer. The auditory
cues (duration 50 ms, pitch 440 Hz) are generated by the
computer and presented through headphones. (Figure 2.)
Goals
BATRAC has been motivated from research on the inter-
limb interactions governing bimanual coordination.
Bimanual coordination is characterized by both spatial
and temporal interactions [43,66]. The interactions
become apparent when two limbs are instructed to move
at unequal frequencies [49] or amplitudes [67] or by the
fact that for isofrequency coordination (i.e., the limbs
move at identical frequencies) only two coordination pat-
terns can be performed stably without practise: in-phase
(i.e., the limbs oscillate symmetrically) and antiphase
(i.e., the limbs oscillate in an alternating fashion) [68].
The primary goal of modified BATRAC is to optimize the
coordination between both hands. In the context of BAT-
Timepath Figure 1
Timepath. Participant flow through the trial.BMC Neurology 2009, 9:57 http://www.biomedcentral.com/1471-2377/9/57
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RAC, this means that temporal coupling between rhyth-
mic hand movements (i.e., flexion and extension
movements) in the two intrinsically stable coordination
patterns (i.e., in-phase and antiphase) will be utilized. To
achieve optimization of coordination, a large number of
repetitive movements will be performed at a specified fre-
quency during the exercises outlined below.
Although these exercises may seem unrelated to the func-
tional goal of regaining voluntary control over hand func-
tion in daily situations, their motivation resides in the
conjecture that hand function improves when the least-
affected hemisphere facilitates controlling the movements
of the paretic arm. Following this principle, optimization
of coordination between both upper extremities is benefi-
cial for regaining functional ability and functional use
[19,20].
The second goal of modified BATRAC is to increase the
range of motion of the wrist, with a strong emphasis on
active wrist and finger extension. Loss of hand function is
problematic because it is crucial to manual exploration
and manipulation of the environment, and thus a major
source of disability in stroke. The increase in force control
associated with the generation of larger movement ampli-
tudes, especially towards wrist and finger extension, will
contribute to fine motor control, as this is required in
manipulating and releasing grasped objects.
Exercises
With the described goals in mind, therapists can choose
from four different exercises (see Figure 3). First, in the in-
phase exercise patients move both hands simultaneously
towards flexion followed by a movement towards exten-
sion. These movements should follow each other
smoothly and rhythmically. Maximal flexion should
occur at the moment of the metronome cue. The pacing
frequency is set, so that the patient can easily complete the
required 3 minutes of exercise time.
Second, in the antiphase  exercise patients move both
hands simultaneously to the left followed by a movement
to the right. These movements should follow each other
smoothly and rhythmically. Maximal flexion of the right
hand and maximal extension of the left hand should
occur at the moment of the cue in half of the exercises, and
vice versa in the other half. Again, the frequency is chosen
such that the patient can comfortably complete the 3 min-
utes exercise time.
Third is the extension exercise. Patients move both hands
simultaneously towards extension; maximal extension
should occur at the moment of the cue. In this exercise
extension activity is emphasized, such that active move-
ments towards flexion are not required: after each cued
maximal extension, patients can relax the wrist extensors
and let the hands fall back to a neutral position. Again, the
patient should comfortably complete the 3 minutes of
exercise time with the chosen frequency.
Finally, in the music exercise the manipulanda are not
used; instead, the patient's hands are placed (palms
down) on the table top between the armrests. Through the
headphones patients will hear a song in which the beat,
Modified BATRAC exercise apparatus Figure 2
Modified BATRAC exercise apparatus. A: the modified BATRAC exercise apparatus. The apparatus allows movements in 
the horizontal plane only. The rotation axis of the wrist is aligned with that of the manipulandum B: a feedback screenshot. On 
the left, left-hand position by right-hand position (white) and ideal line of movement are depicted. On the top-right the ampli-
tudes for flexion and extension for both hands separately are given. On the bottom right the relative phase and its variability 
for flexion and extension are presented.BMC Neurology 2009, 9:57 http://www.biomedcentral.com/1471-2377/9/57
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with a specific and constant frequency, is emphasized by
slightly louder pitches. There are several songs to choose
from with pacing frequencies ranging from 0.8 to 1.4 Hz.
Patients are instructed to raise their fingers and hand,
while keeping the base of the hand resting on the table,
and tap the hand on the table on the beat of the music.
This can be done either in-phase or in antiphase.
As stated above, in each exercise the pacing frequency is
set at a frequency that allows the patient to comfortably
complete the 3 minutes exercise time. Because metro-
nome beats at frequencies below 0.67 Hz (and above 4
Hz) are not perceived as rhythmic patterns [69,70], a min-
imum frequency of 0.8 Hz is used in the exercises. To
enhance the training effect, however, the actually used
pacing frequency will be the highest possible comfortable
frequency for each individual patient, and may be
increased over the intervention sessions. Therapists are
advised to vary the exercises during each session to
enhance therapy compliance. However, in-phase exercises
are prioritized over antiphase exercises. In-phase biman-
ual movement patterns are most stable [45] and are there-
fore assumed to benefit most from interhemispheric
interaction [71,72]. Patients with difficulties to keep track
of the pacing frequency are encouraged to facilitate the
rhythmic movements, for instance by counting and foot
tapping. Tempo, types of exercise, and performance will
be recorded in a patient-log to keep track of the course
during the 6-week intervention period. Patients are also
advised to practice rhythmic bimanual exercises, like clap-
ping to music beats, in their own time. (Figure 3.)
Feedback
The computer connected to the modified BATRAC-appa-
ratus provides feedback about the patient's performance.
During the exercise, a diagonal line in a left-hand position
by right-hand position plot marks the ideal line of coordi-
nation. The actual movement is presented by a moving
dot with a 4 cm trailing tail (see Figure 2B). In early stages
of the intervention, this form of feedback is not presented
to the patient during the exercise to avoid attentional
interference. In later sessions, when the patient is accus-
tomed to the exercise, this form of visual feedback will be
used to improve bilateral coordination.
After each exercise, the maximal amplitudes towards flex-
ion and extension of both hands, and the relative phase
between both hands (Φ, [73]) and its variability are pre-
sented in numbers and diagrams (see Figure 2B). These
are recorded in a patient-log and will be used to motivate
the patient to improve performance in following exer-
cises.
Modified CIMT
Like the modified BATRAC group, the modified CIMT
group receives 60-minute therapy sessions, 3 days a week
for 6 consecutive weeks. Modified CIMT involves func-
tionally oriented task practice of the paretic arm and
hand, while the less-impaired hand is restrained for 6
hours each weekday, hence also during therapy.
Goals
Modified CIMT is aimed at progressively improving
motor task performance of the paretic arm and hand. A
premise for this improvement is the prevention or turna-
bout of learned non-use [29,74-78]. A specific goal is to
increase control over active extension of wrist and fingers,
as this ability is important for fine motor control in func-
tional tasks [24,25].
Exercises/matrix
Modified CIMT techniques include repetitive functional
task practices and shaping of the desired improvements of
movement using the technique of successive approxima-
tion (i.e., breaking complex movements into steps)
[74,76]. During exercise the patient receives continuous
verbal feedback and stimulation and, if necessary, hands-
on facilitation of movements.
The exercises follow a quasi-hierarchical bottom-up
approach from more easy applied gross motor functions
to more complex in-hand manipulations. Figure 4 repre-
sents the matrix that serves as a guideline for building-up
the modified CIMT exercise program. In this matrix the
Modified BATRAC exercises Figure 3
Modified BATRAC exercises. A: in-phase exercise with 
flexion of both hands on the cue. B: antiphase exercise with 
simultaneous right-handed flexion and left-handed extension 
on the cue for half of the antiphase exercises (vice versa for 
the other half). C: extension exercise with extension of 
hands on the cue. D: music exercise with tapping of both 
hands on the beat.BMC Neurology 2009, 9:57 http://www.biomedcentral.com/1471-2377/9/57
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trained functional movements are described at 4 func-
tional levels: gross arm movements, grasps and grips, in-
hand manipulations and fine motor control, and combi-
nations of movements in ADLs. The matrix follows a hier-
archical pattern. As can be seen in the matrix, there is no
hierarchy within the third level. Preferably, patients
should train on the highest possible level and engage exer-
cises that demand the most of their possibilities. Task dif-
ficulty within each exercise is varied by adjusting spatial or
temporal demands. The content and duration of each ses-
sion as well as the shaping exercises are recorded in a
patient-log reflecting the progress in reaching treatment
goals. (Figure 4.)
Mitt
To encourage the use of the most affected arm and hand
in ADLs, a padded safety mitt (Sammons Preston # 6727;
Sammons Preston, Inc., Bolingbrook, IL, USA) is applied
to immobilize the less affected hand for at least 6 waking
hours each weekday. A therapist, nurse, or family member
should help putting on and taking off the mitt. The mitt
should be taken off during bathroom activities. Patients
that go walking by themselves are only allowed to wear
the mitt if they score more than 3 points on the Functional
Ambulation Categories (FAC). The mitt prevents contrac-
ture with firm polyester filling and allows (preventive)
elbow extension, leaving sufficient movement when
needed, for example in case the patient threatens to fall.
DMCT
DMCT is an exercise therapy based on existing guidelines
for upper extremity treatment after stroke as presented by
the Dutch Society of Occupational Therapy [79] and the
Royal Dutch Society of Physical Therapy [80]. This exer-
cise therapy is typically provided by therapists at the RCA.
However, specific elements of (modified) BATRAC (e.g.,
rhythmic cues) and (modified) CIMT (e.g., use of mitt)
will not be used.
Therapy will be provided 60 minutes per treatment ses-
sion, 3 days a week for 6 consecutive weeks, and will not
contain specific elements of the other two therapies. The
content and duration of the sessions are recorded in a
patient's log.
Power analysis
The number of patients is based on a statistical power of
80% (preventing Type II error) with an alpha of 5% (pre-
venting Type I error) for detecting a meaningful difference
of 6 points on the ARAT as the primary measurement of
outcome and expecting 15% drop-out. The statistical
power for detecting 10% or 6 points difference between
groups is based on the following power calculation:
(Z1-α/2 + Z1-β)2 = 10.43 (assuming an alpha of 0.017, cor-
rected for multiple testing with 3 groups and a Beta of
0.80)
σ2 (expected variance of sample on ARAT) = 26
Δ2 (assumed difference in favour ARAT) = 36
r (expected ratio between intervention groups) = 1
Expected numbers needed per intervention group (Nper
group) = 15 (excluding expected drop out of less than 25%).
Outcome variables
The primary outcome variable will be the score on the
Action Research Arm test (ARAT). Secondary outcome var-
iables are the scores on the Motricity Index (MI) of the
arm, Fugl-Meyer for the arm (FM-arm), Nine Hole Peg test
(NHPT), Erasmus modification of the Nottingham Sen-
sory Assessment (EmNSA), Motor Activity Log (MAL),
and Stroke Impact Scale (SIS version 3.0). All assessments
will be applied to all patients at t0, t1, and t2.
Non-parametric statistics for independent samples will be
used [81]. A Kruskal-Wallis test will be used to examine
whether improvements before and after intervention
(from t0 to t1) were significantly different between the
three intervention groups (i.e., BATRAC, CIMT, and
DMCT). When a significant difference is found between
the three groups, a post-hoc Mann-Whitney U test will be
applied to reveal which groups (CIMT, BATRAC, or
DMCT) differ significantly from each other. The same pro-
cedure will be used for observed changes after the 6 weeks
retention period, i.e., from t1 to t2.
The ARAT is a valid, reliable, and responsive performance
test [82] of the ability to perform gross movements and to
grasp, move, and release objects differing in size, weight,
and shape [83]. The minimal clinically important differ-
ence is set at about 10% of the scale's range, i.e., 6 points
[84]; improvement by > 10 points is defined as return of
dexterity [17].
The MI will be used to measure strength in upper extrem-
ities [85]. Higher scores represent greater strength in the
upper limb. This instrument provides a reliable and valid
assessment of the presence of paresis in stroke patients by
testing 6 functions rated for each limb [64,85].
The FM arm score is a reliable and valid motor perform-
ance test consisting of 33 tasks performed by the affected
upper limb [86,87]. The FM-arm test evaluates the ability
to make movements outside the synergistic pattern. Per-
formance on each task is rated as 0, 1, or 2, with higher
rates representing better performance. The FM-arm meas- NZ Z r r per group =+ × × + × −− () ( ) / ( ) / 12 1
22 2 1 ab s ΔBMC Neurology 2009, 9:57 http://www.biomedcentral.com/1471-2377/9/57
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ure will be used as the sum of 33 ratings (possible range 0
to 66 points).
The NHPT is a reliable and valid test that measures man-
ual dexterity [88,89]. It measures the speed with which a
patient grasps and inserts (and removes) 9 pegs into a grid
of vertical holes. The test will be discontinued after 50 s if
the patient is still unable to insert any pegs. The NHPT
measure for each hand is calculated by the number of pegs
placed per second. The affected as well as the unaffected
hand will be measured. Reliability and validity have been
assessed and norms are available [88,89].
The EmNSA is a 3 point ordinal scale that measures sharp-
blunt discrimination, two-point discrimination, and limb
proprioception. The EmNSA will be restricted to the
paretic upper limb (i.e., fingers, hand, and forearm). With
the exception of the two-point discrimination item, intra-
and interrater reliability of tactile sensations, sharp-blunt
discrimination and proprioception items are good to
excellent (Kappa: 0.58 to 1.00, [90]).
A translated and adapted version of the MAL will be used
[91], which contains the 14 original activities, 11 addi-
tional activities, and 1 optional activity chosen by the
patient. Reliability and validity of the MAL has been dem-
onstrated in a number of studies [91]. The MAL will be
administered to each applicant and, if available, their car-
egivers. It will be used to independently rate how well (5-
point Quality of Movement [QOM] scale) and how much
(5-point Amount of Use [AOU] scale) the paretic arm was
used spontaneously to accomplish 26 activities of daily
living outside the laboratory [84,92].
The arm-hand domain of the SIS (version 3.0) will be
used to evaluate patients' perceived outcome for the
Quasi-hierarchical modified CIMT Matrix Figure 4
Quasi-hierarchical modified CIMT Matrix. The matrix functions as a tool for therapists. Exercise difficulty increases from 
top to bottom and from left to right. Patients should train on their highest possible level.BMC Neurology 2009, 9:57 http://www.biomedcentral.com/1471-2377/9/57
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paretic upper limb. Version 3.0 of the SIS is a full-spec-
trum health status interview that measures changes in 8
impairments, function and quality-of-life subdomains
following stroke and will be used as a secondary outcome
measure [93]. Each domain will be analyzed separately.
The upper limb part of the SIS includes 5 questions about
patients' perceived competency to keep their balance, to
transfer, to walk in the house and negotiate stairs, to get in
and out of a car, and to move about in their own commu-
nity. Each item is scored from "not difficult at all" to "can-
not do at all" on a 5 point rating scale. A difference of 5
points (10%) on the "hand function" domain of the SIS is
perceived as clinically relevant [28]. The SIS has shown
excellent clinimetric properties in terms of concurrent and
construct validity, test-retest reliability, and responsive-
ness [94].
Associated mechanisms
To delineate the functional and neurophysiological
changes that are associated with the effects of BATRAC
and CIMT, three additional tests will be administered
before and after intervention, and after the retention
period.
Peripheral stiffness
Endpoint mechanical behavior of the paretic wrist, result-
ing from a mix of visco-elastic (intrinsic) and propriocep-
tive reflex (reflexive) properties, will be assessed under
both passive and active conditions using a haptic robot
('Wristalyzer', Moog FCS Inc., Nieuw-Vennep, The Neth-
erlands). This powerful, force-controlled manipulator
applies force- and position perturbations to the paretic
wrist, while the interaction with the patient, in terms of
forces and joint angles, is measured. A haptic controller,
which overrules the dynamics of the manipulator with
imposed virtual dynamics, is used to apply perturbations.
The result is that, to the patient, the manipulator behaves
like a mass-spring-damper system. After assessment of the
range of motion (ROM) and maximal force, both towards
flexion and extension, a number of perturbation tests
under both passive and active conditions will be applied.
Using system identification in the frequency domain
[39,95,96], the intrinsic vs. reflexive stiffness is calculated
from the time series of net moment and wrist position.
Surface EMG (16-channel Biotel 99 EMG amplifier,
Glonner Electronic GmbH, Munich, Germany) is meas-
ured for additional validation. From the time records of
position and force, frequency response functions (FRFs)
will be estimated. FRFs are transfer functions that express
the structural response to an applied force in the fre-
quency domain. Given a model structure and an appro-
priate estimate of the intrinsic component, an estimate of
the reflex gains for length and velocity can be obtained
from the FRFs [39,95,96]. For both intrinsic and reflexive
properties, a repeated measures AN(C)OVA will be per-
formed to detect differences over time and between
groups (intervention/stratification).
Interlimb interactions
Ridderikhoff et al. [71] devised an experimental method-
ology to dissociate between the contributions of three
sources of interlimb interaction: integration of feed-for-
ward control signals to both hands; error correction of the
phasing between the hands, based on afferent signals; and
(unintended) phase entrainment by contralateral afferent
signals, probably resulting from spinal reflexes. It is based
on systematic comparisons between four coordination
tasks involving bimanual performance (in- and antiphase
coordination) and unimanual performances with and
without comparable motor-driven movements of the con-
tralateral hand. The four tasks are the following: (a) uni-
manual rhythmic coordination with an auditory pacing
signal (UN); (b) idem, while the contralateral hand is
moved passively with a phase shift of 30° with respect to
the required movements of the active hand (UNm); (c)
kinesthetic tracking (KT): unimanual active movements
are to be coordinated (in- or antiphase) with the passive
rhythmic movements of the contralateral hand; and (d)
active auditorily-paced bimanual coordination (in- or
antiphase; AB). The tasks are performed in an experimen-
tal set-up in which passive movements can be imposed
using a servo-motor (Parvex RS440GR1031, SSD Parvex
SAS, Dijon Cedex, France) and a precision gearbox (alpha
TP010S-MF1-7-0C0, backlash ± 0.02°, Wittenstein, Inc.,
Bartlett, IL, USA), and the active movements are measured
using potentiometers (FCP40A, tolerance ± 0.1%, Sakae
Tsushin Kogyo Co., Ltd., Nakahara-ku, Kawasaki-city,
Japan). Depending on the task conditions, the motor-
driven, passive movements are based on either the move-
ments of the to-be-moved hand as recorded during condi-
tion (d), which is therefore the first task to be performed,
or a predefined sinusoidal pattern (with added random
noise). Given the inherent functional asymmetry in the
subject population of interest, tasks (a)-(c) are performed
with both the paretic and the non-paretic hand as active
hand (order counterbalanced over subjects). The Analysis
focuses on the relative phase between both hands in
bimanual tasks (i.e., AB and KT) and between the active
hand and the metronome in the unimanual tasks (i.e., UN
and UNm). Mean relative phase and circular standard
deviation will be used to dissociate between the contribu-
tions of three sources of interlimb interaction after each
test separately (i.e., t0, t1, and t2; t-tests and repeated
measures ANOVA), and to detect changes in these over
the three tests (repeated measures AN(C)OVA). Addition-
ally, correlations between the durations of simultaneously
performed cycles (as an index of degree of coupling), and
correlations between the error in the discrete relative
phase and the duration of the following cycle of the non-
affected hand (as an index of the effectiveness of error cor-BMC Neurology 2009, 9:57 http://www.biomedcentral.com/1471-2377/9/57
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rections), will be calculated for the tasks that involve two
moving hands (i.e., AB, KT, UNm). These correlations will
be transformed into normally distributed variables using
the Fisher transform. A repeated measures AN(C)OVA will
be used to examine the changes over time.
Brain dynamics
To examine the changes in brain dynamics induced by the
three intervention techniques, all patients perform simple
unimanual and bimanual force production tasks with
their hands, while whole-head MEG recordings will be
made (CTF Systems Inc., Vancouver, Canada and Elekta
Neuromag, Stockholm, Sweden). Task performance (i.e.,
onset and displacement of hand squeezes) will be moni-
tored by pump bulbs (RXPUMPBULP, BIOPAC Systems,
Inc., Goleta, CA, USA), tubing, and pressure transducers.
The to be performed task will be as follows: 2 min of rest,
30 s of rhythmic squeezing on auditory cues, 30 s of rest,
30 s of rhythmic squeezing on auditory cues, 30 s of rest,
30 s of rhythmic squeezing on auditory cues, and finally 2
min of rest. Hence, the duration of a single task will be 6
min and 30 s. The frequency of auditory cues will be set at
1 Hz. The task will be performed once with the left hand
only, once with the right hand only, and once bimanually.
Surface EMG will be applied (using data acquisition chan-
nels built into the MEG system) to monitor task perform-
ance.
The MEG signals will be mapped from sensor space to
source space using the synthetic aperture magnetronomy
(SAM) minimum linear variance beamforming approach
[97] to determine the brain regions that show the largest
contrast when comparing activity pre- and post perform-
ance [98]. Changes in power in various frequency bands
(theta, alpha, beta, and gamma) and cortico-cortical syn-
chrony (using instantaneous Hilbert phase and the phase
locking index; [99]) in these bands will be examined. For
the associated analyses see Houweling et al. [98].
Discussion
The ULTRA-stroke program is expected to have a strong
impact on the treatment policies for stroke survivors.
Given that about 80% of all stroke victims show upper
limb paresis immediately following stroke [4], hampering
unimanual and bimanual coordination [5], and the fact
that only one third of all stroke patients will regain some
dexterity within six months with conventional treatment
programs [7], a sufficiently powerful RCT investigating
the effectiveness of innovative therapies is relevant and
urgently needed to objectively guide stroke rehabilitation.
Specifically, the combination of assessments of effective-
ness and mechanisms associated with intervention-
induced functional improvement will prove to be valua-
ble for clinical practice. Therefore, next to the effectiveness
of modified BATRAC and modified CIMT, the ULTRA-
stroke program also intends to investigate how longitudi-
nally changes in (a) upper limb neuromechanics (i.e.,
peripheral stiffness and interlimb interactions), and (b)
neuroplasticity (i.e., changes in cortical inter- and intra-
hemispheric networks), are associated with recovery of
motor impairment (i.e., synergism and strength) and
upper limb function (i.e., dexterity). The outcome of the
RCT, together with information about longitudinal
changes in the underlying mechanisms of upper limb
recovery, will provide clinicians a tool to make appropri-
ate decisions in selecting evidence-based therapies for the
paretic upper limb.
The ULTRA-stroke program is contingent upon the fact
that the major part of post-stroke rehabilitation treatment
takes place during the subacute phase. Since 2006, meta-
analyses have shown that CIMT is an effective way to
improve upper limb function in chronic stroke patients
[18,27-29]. The same applies to BATRAC [19,20,100] (but
see also [101]). However, high quality RCTs pertaining to
the subacute phase post stroke have thus far been lacking
in the literature [102]. Consequently, the ULTRA-stroke
program is a unique and innovative project in stroke reha-
bilitation science.
As stated before, a better understanding of how specific
therapies influence neurobiological changes, and more
important, what post-stroke conditions lend themselves
to specific treatments, will help clinicians to tune the treat-
ment to the needs of the individual patient. The knowl-
edge gained in the ULTRA-stroke program will further
underpin the concepts of motor recovery and motor learn-
ing in stroke rehabilitation by addressing the key ques-
tion: what changes in underlying mechanisms are
associated with functional improvement after stroke?
Results of the ULTRA-stroke program are expected at the
beginning of 2012.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
AEQ: is the executive investigator, prepared the first draft
of the paper, and developed treatment protocols for CIMT
and BATRAC. CEP: revised the manuscript critically, par-
ticipated in the design and conceived of the study and its
coordination, raised its funding, and contributes to the
examination of interlimb interactions. JH: contributes to
the examination of the peripheral stiffness. AD: contrib-
utes to the examination of brain dynamics. NIZ: partici-
pated in the development of treatment protocols, and
coordinates the study and recruitment at the RCA. KN:
participated in the development of treatment protocols,BMC Neurology 2009, 9:57 http://www.biomedcentral.com/1471-2377/9/57
Page 12 of 14
(page number not for citation purposes)
and coordinates the study and recruitment at the RCA. PK:
coordinates the study and recruitment at the RCA. GK:
revised the manuscript critically, participated in the
design, conceived of the study and its coordination, and
raised its funding. PJB: revised the manuscript critically,
participated in the design, conceived of the study, raised
its funding, and coordinates the study and its financial
and technical support.
All authors read and approved of the manuscript.
Acknowledgements
This research is funded by the Research Institute MOVE, VU University 
Amsterdam. The authors thank Bert Clairbois, Bert Coolen, and Hans Agri-
cola and the department of Physics and Medical Technology for their tech-
nical support in developing and producing the BATRAC exercise 
apparatuses and the equipment to measure interlimb interactions.
References
1. Loor HI, Groenier KH, Limburg M, Schuling J, Meyboom-de Jong B:
Risks and causes of death in a community-based stroke pop-
ulation: 1 month and 3 years after stroke.  Neuroepidemiology
1999, 18(2):75-84.
2. Poos MJJC: Prevalentie, incidentie, ziekenhuisopnamen en
sterfte naar leeftijd en geslacht. Volksgezondheid toekomst
verkenning.  Bilthoven: Nationaal Kompas Volksgezondheid, RIVM;
2006. 
3. Ruwaard D, Kramers PGN: Volksgezondheid toekomst verken-
ning. De som der delen.  Utrecht: RIVM; 1997. 
4. Nakayama H, Jorgensen HS, Raaschou HO, Olsen TS: Recovery of
upper extremity function in stroke patients: the Copenha-
gen Stroke Study.  Archives of physical medicine and rehabilitation
1994, 75(4):394-398.
5. Ustinova KI, Fung J, Levin MF: Disruption of bilateral temporal
coordination during arm swinging in patients with hemipare-
sis.  Experimental Brain Research 2006, 169(2):194-207.
6. Kwakkel G, Kollen B, Twisk J: Impact of time on improvement
of outcome after stroke.  Stroke 2006, 37(9):2348-2353.
7. Dobkin BH: Clinical practice. Rehabilitation after stroke.  The
New England journal of medicine 2005, 352(16):1677-1684.
8. Kwakkel G, Kollen B, Lindeman E: Understanding the pattern of
functional recovery after stroke: Facts and theories.  Restora-
tive Neurology and Neuroscience 2004, 22(3-5):281-299.
9. Feldman DE, Brecht M: Map plasticity in somatosensory cortex.
Science 2005, 310(5749):810-815.
10. Carmichael ST: Cellular and molecular mechanisms of neural
repair after stroke: Making waves.  Annals of Neurology 2006,
59(5):735-742.
11. Liu YP, Lang BT, Baskaya MK, Dempsey RJ, Vemuganti R: The poten-
tial of neural stem cells to repair stroke-induced brain dam-
age.  Acta Neuropathologica 2009, 117(5):469-480.
12. Ward NS: Functional reorganization of the cerebral motor
system after stroke.  Current opinion in neurology 2004,
17(6):725-730.
13. Ward NS: Plasticity and the functional reorganization of the
human brain.  International Journal of Psychophysiology 2005, 58(2-
3):158-161.
14. Talelli P, Greenwood RJ, Rothwell JC: Arm function after stroke:
Neurophysiological correlates and recovery mechanisms
assessed by transcranial magnetic stimulation.  Clinical Neuro-
physiology 2006, 117(8):1641-1659.
15. Cooke SF, Bliss TV: Plasticity in the human central nervous sys-
tem.  Brain 2006, 129(Pt 7):1659-1673.
16. Trachtenberg JT, Chen BE, Knott GW, Feng G, Sanes JR, Welker E,
Svoboda K: Long-term in vivo imaging of experience-depend-
ent synaptic plasticity in adult cortex.  Nature 2002,
420(6917):788-794.
17. Kwakkel G, Kollen BJ, Grond J van der, Prevo AJH: Probability of
regaining dexterity in the flaccid upper limb - Impact of
severity of paresis and time since onset in acute stroke.
Stroke 2003, 34(9):2181-2186.
18. Hakkennes S, Keating JL: Constraint-induced movement ther-
apy following stroke: A systematic review of randomised
controlled trials.  Australian Journal of Physiotherapy 2005,
51(4):221-231.
19. Whitall J, Waller SM, Silver KHC, Macko RF: Repetitive bilateral
arm training with rhythmic auditory cueing improves motor
function in chronic hemiparetic stroke.  Stroke 2000,
31(10):2390-2395.
20. Luft AR, McCombe-Waller S, Whitall J, Forrester LW, Macko R, Sor-
kin JD, Schulz JB, Goldberg AP, Hanley DF: Repetitive bilateral
arm training and motor cortex activation in chronic stroke -
A randomized controlled trial.  Jama-Journal of the American Med-
ical Association 2004, 292(15):1853-1861.
21. Cauraugh JH, Summers JJ: Neural plasticity and bilateral move-
ments: A rehabilitation approach for chronic stroke.  Progress
in neurobiology 2005, 75(5):309-320.
22. Stinear CM, Barber PA, Smale PR, Coxon JP, Fleming MK, Byblow
WD: Functional potential in chronic stroke patients depends
on corticospinal tract integrity.  Brain 2007, 130:170-180.
23. Kwakkel G, Kollen BJ, Krebs HI: Effects of robot-assisted therapy
on upper limb recovery after stroke: A systematic review.
Neurorehabilitation and Neural Repair 2008, 22(2):111-121.
24. Fritz SL, Light KE, Patterson TS, Behrman AL, Davis SB: Active fin-
ger extension predicts outcomes after constraint-induced
movement therapy for individuals with hemiparesis after
stroke.  Stroke 2005, 36(6):1172-1177.
25. Kwakkel G, Kollen B: Predicting improvement in the upper
paretic limb after stroke: A longitudinal prospective study.
Restorative Neurology and Neuroscience 2007, 25(5-6):453-460.
26. Smania N, Paolucci S, Tinazzi M, Borghero A, Manganotti P, Fiaschi A,
Moretto G, Bovi P, Gambarin M: Active finger extension: a sim-
ple movement predicting recovery of arm function in
patients with acute stroke.  Stroke 2007, 38(3):1088-1090.
27. Page SJ, Levine P, Leonard A, Szaflarski JP, Kissela BM: Modified con-
straint-induced therapy in chronic stroke: results of a single-
blinded randomized controlled trial.  Physical therapy 2008,
88(3):333-340.
28. Wolf SL, Winstein CJ, Miller JP, Taub E, Uswatte G, Morris D, Giuliani
C, Light KE, Nichols-Larsen D, Investigators E, et al.: Effect of con-
straint-induced movement therapy on upper extremity
function 3 to 9 months after stroke - The EXCITE rand-
omized clinical trial.  Jama-Journal of the American Medical Associa-
tion 2006, 296(17):2095-2104.
29. Wu CY, Chen CL, Tang SF, Lin KC, Huang YY: Kinematic and clin-
ical analyses of upper-extremity movements after con-
straint-induced movement therapy in patients with stroke: a
randomized controlled trial.  Archives of physical medicine and reha-
bilitation 2007, 88(8):964-970.
30. Boake C, Noser EA, Ro T, Baraniuk S, Gaber M, Johnson R, Salmeron
ET, Tran TM, Lai JM, Taub E, et al.: Constraint-induced move-
ment therapy during early stroke rehabilitation.  Neurorehabil-
itation and Neural Repair 2007, 21(1):14-24.
31. Richards LG, Senesac CR, Davis SB, Woodbury ML, Nadeau SE:
Bilateral arm training with rhythmic auditory cueing in
chronic stroke: Not always efficacious.  Neurorehabilitation and
Neural Repair 2008, 22(2):180-184.
32. Newton JM, Ward NS, Parker GJM, Deichmann R, Alexander DC,
Friston KJ, Frackowiak RSJ: Non-invasive mapping of corticofu-
gal fibres from multiple motor areas - relevance to stroke
recovery.  Brain 2006, 129:1844-1858.
33. Ward NS, Brown MM, Thompson AJ, Frackowiak RSJ: Neural cor-
relates of outcome after stroke: a cross-sectional fMRI study.
Brain 2003, 126:1430-1448.
34. Ward NS, Newton JM, Swayne OBC, Lee L, Thompson AJ, Green-
wood RJ, Rothwell JC, Frackowiak RSJ: Motor system activation
after subcortical stroke depends on corticospinal system
integrity.  Brain 2006, 129:809-819.
35. Gerloff C, Bushara K, Sailer A, Wassermann EM, Chen R, Matsuoka
T, Waldvogel D, Wittenberg GF, Ishii K, Cohen LG, et al.: Multimo-
dal imaging of brain reorganization in motor areas of the
contralesional hemisphere of well recovered patients after
capsular stroke.  Brain 2006, 129(Pt 3):791-808.
36. Mudie MH, Matyas TA: Responses of the densely hemiplegic
upper extremity to bilateral training.  Neurorehabilitation and
Neural Repair 2001, 15(2):129-140.
37. Serrien DJ, Strens LH, Cassidy MJ, Thompson AJ, Brown P: Func-
tional significance of the ipsilateral hemisphere duringBMC Neurology 2009, 9:57 http://www.biomedcentral.com/1471-2377/9/57
Page 13 of 14
(page number not for citation purposes)
movement of the affected hand after stroke.  Experimental neu-
rology 2004, 190(2):425-432.
38. Schouten AC, De Vlugt E, Van Hilten JJB, Helm FCT Van der: Quan-
tifying proprioceptive reflexes during position control of the
human arm.  IEEE Transactions on Biomedical Engineering 2008,
55(1):311-321.
39. Schouten AC, de Vlugt E, van Hilten JJ, Helm FC van der: Quantify-
ing proprioceptive reflexes during position control of the
human arm.  IEEE Transactions on Biomedical Engineering 2008,
55(1):311-321.
40. Gracies JM: Pathophysiology of spastic paresis. II: Emergence
of muscle overactivity.  Muscle & nerve 2005, 31(5):552-571.
41. Gracies JM: Pathophysiology of spastic paresis. I: Paresis and
soft tissue changes.  Muscle & nerve 2005, 31(5):535-551.
42. Franz EA: Spatial coupling in the coordination of complex
actions.  Quarterly Journal of Experimental Psychology A 1997,
50(3):684-704.
43. Swinnen SP, Lee TD, Verschueren S, Serrien DJ, Bogaerds H: Inter-
limb coordination: Learning and transfer under different
feedback conditions.  Human Movement Science 1997,
16(6):749-785.
44. Haken H, Kelso JA, Bunz H: A theoretical model of phase tran-
sitions in human hand movements.  Biological cybernetics 1985,
51(5):347-356.
45. Kelso JA: Phase transitions and critical behavior in human
bimanual coordination.  The American journal of physiology 1984,
246(6 Pt 2):R1000-1004.
46. Swinnen SP: Intermanual coordination: From behavioural
principles to neural-network interactions.  Nature Reviews Neu-
roscience 2002, 3(5):350-361.
47. Bernstein NA: The Co-ordiantion and Regulation of Movements Oxford
England: Pergamon Press; 1967. 
48. Kelso JAS: Review of Dynamic Patterns: The Self-Organisation of Brain and
Behavior Cambridge: MIT Press; 1995. 
49. Peper CE, Beek PJ, van Wieringen PC: Frequency-induced phase
transitions in bimanual tapping.  Biological cybernetics 1995,
73(4):301-309.
50. Dong Y, Dobkin BH, Cen SY, Wu AD, Winstein CJ: Motor cortex
activation during treatment may predict therapeutic gains in
paretic hand function after stroke.  Stroke 2006,
37(6):1552-1555.
51. Dong Y, Winstein CJ, Albistegui-DuBois R, Dobkin BH: Evolution of
FMRI activation in the perilesional primary motor cortex
and cerebellum with rehabilitation training-related motor
gains after stroke: a pilot study.  Neurorehabilitation and Neural
Repair 2007, 21(5):412-428.
52. Hamzei F, Liepert J, Dettmers C, Weiller C, Rijntjes M: Two differ-
ent reorganization patterns after rehabilitative therapy: An
exploratory study with fMRI and TMS.  Neuroimage 2006,
31(2):710-720.
53. Johansen-Berg H, Dawes H, Guy C, Smith SM, Wade DT, Matthews
PM: Correlation between motor improvements and altered
fMRI activity after rehabilitative therapy.  Brain 2002, 125(Pt
12):2731-2742.
54. Kim YH, Park JW, Ko MH, Jang SH, Lee PK: Plastic changes of
motor network after constraint-induced movement ther-
apy.  Yonsei Medical Journal 2004, 45(2):241-246.
55. Levy CE, Nichols DS, Schmalbrock PM, Keller P, Chakeres DW:
Functional MRI evidence of cortical reorganization in upper-
limb stroke hemiplegia treated with constraint-induced
movement therapy.  American Journal of Physical Medicine & Rehabil-
itation 2001, 80(1):4-12.
56. Liepert J, Bauder H, Wolfgang HR, Miltner WH, Taub E, Weiller C:
Treatment-induced cortical reorganization after stroke in
humans.  Stroke 2000, 31(6):1210-1216.
57. Liepert J, Hamzei F, Weiller C: Lesion-induced and training-
induced brain reorganization.  Restor Neurol Neurosci 2004, 22(3-
5):269-277.
58. Liepert J, Miltner WH, Bauder H, Sommer M, Dettmers C, Taub E,
Weiller C: Motor cortex plasticity during constraint-induced
movement therapy in stroke patients.  Neuroscience Letters
1998, 250(1):5-8.
59. Ro T, Noser E, Boake C, Johnson R, Gaber M, Speroni A, Bernstein
M, De Joya A, Scott Burgin W, Zhang L, et al.: Functional reorgan-
ization and recovery after constraint-induced movement
therapy in subacute stroke: case reports.  Neurocase 2006,
12(1):50-60.
60. Sawaki L, Butler AJ, Xiaoyan L, Wassenaar PA, Mohammad YM, Blan-
ton S, Sathian K, Nichols-Larsen DS, Wolf SL, Good DC, et al.: Con-
straint-induced movement therapy results in increased
motor map area in subjects 3 to 9 months after stroke.  Neu-
rorehabilitation and Neural Repair 2008, 22(5):505-513.
61. Szaflarski JP, Page SJ, Kissela BM, Lee JH, Levine P, Strakowski SM:
Cortical reorganization following modified constraint-
induced movement therapy: a study of 4 patients with
chronic stroke.  Archives of physical medicine and rehabilitation 2006,
87(8):1052-1058.
62. Wittenberg GF, Chen R, Ishii K, Bushara KO, Eckloff S, Croarkin E,
Taub E, Gerber LH, Hallett M, Cohen LG: Constraint-induced
therapy in stroke: magnetic-stimulation motor maps and
cerebral activation.  Neurorehabilitation and Neural Repair 2003,
17(1):48-57.
63. Pijfers EM, de Vries LA, Messing-Peterson H: Het Utrechts Communica-
tie Onderzoek Utrecht: Stichting Afasie Utrecht; 1985. 
64. Kwakkel G, Wagenaar RC, Twisk JW, Lankhorst GJ, Koetsier JC:
Intensity of leg and arm training after primary middle-cere-
bral-artery stroke: a randomised trial.  Lancet 1999,
354(9174):191-196.
65. Scott NW, McPherson GC, Ramsay CR, Campbell MK: The method
of minimization for allocation to clinical trials. a review.  Con-
trolled clinical trials 2002, 23(6):662-674.
66. Franz EA: Spatial coupling in the coordination of complex
actions.  Quarterly Journal of Experimental Psychology Section a-Human
Experimental Psychology 1997, 50(3):684-704.
67. Spijkers W, Heuer H: Structural Constraints on the Perform-
ance of Symmetrical Bimanual Movements with Different
Amplitudes.  Quarterly Journal of Experimental Psychology Section a-
Human Experimental Psychology 1995, 48(3):716-740.
68. Zanone PG, Kelso JAS: Evolution of Behavioral Attractors with
Learning - Nonequilibrium Phase-Transitions.  Journal of Exper-
imental Psychology-Human Perception and Performance 1992,
18(2):403-421.
69. Bartlett NR, Bartlett SC: Synchronization of a motor response
with an anticipated sensory event.  Psychological review 1959,
66(4):203-218.
70. Woodrow H: effect of the rate of sequence upon the accuracy
of synchronization.  Journal of Experimental Psychology 1932,
15:357-379.
71. Ridderikhoff A, Peper CE, Beek PJ: Unraveling interlimb interac-
tions underlying bimanual coordination.  Journal of Neurophysiol-
ogy 2005, 94(5):3112-3125.
72. Waller SM, Whitall J: Bilateral arm training: Why and who ben-
efits?  Neurorehabilitation 2008, 23(1):29-41.
73. Mardia KV: Statistical analysis of directional data London: Academic
Press; 1972. 
74. Taub E: Somatosensory deafferentation research with monkeys. Implica-
tions for rehabilitation medicine New York: Williams and Wilkins; 1980. 
75. Taub E, Miller NE, Novack TA, Cook EW, Fleming WC, Nepomu-
ceno CS, Connell JS, Crago JE: Technique to improve chronic
motor deficit after stroke.  Archives of physical medicine and reha-
bilitation 1993, 74(4):347-354.
76. Taub E, Uswatte G, Pidikiti R: Constraint-Induced Movement
Therapy: a new family of techniques with broad application
to physical rehabilitation--a clinical review.  Journal of rehabilita-
tion research and development 1999, 36(3):237-251.
77. Uswatte G, Taub E: Implications of the learned nonuse formu-
lation for measuring rehabilitation outcomes: Lessons from
constraint-induced movement therapy.  Rehabilitation Psychology
2005, 50(1):34-42.
78. Wolf SL, Lecraw DE, Barton LA, Jann BB: Forced use of hemiple-
gic upper extremities to reverse the effect of learned nonuse
among chronic stroke and head-injured patients.  Experimental
neurology 1989, 104(2):125-132.
79. Cup EHC, Steultjens EMJ: Ergotherapierichtlijn Beroerte.
Utrecht: Nederlandse Vereniging voor Ergotherapie; 2005. 
80. Peppen van RPS, Kwakkel G, Harmeling - Wel BC van der, Kollen BJ,
Hobbelen JSM, Buurke JH, Halfens J, Wagenborg L, Vogel MJ, Berns
M, et al.: KNGF-richtlijn beroerte.  Nederlands Tijdschrift voor Fysi-
otherapie Supplement 2004, 114(5):3-78.
81. Siegel A, Castellan NJ: Non-parametric statistics for behavioural sciences
2nd edition. New York: McGraw Hill Inc; 1996. Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
BMC Neurology 2009, 9:57 http://www.biomedcentral.com/1471-2377/9/57
Page 14 of 14
(page number not for citation purposes)
82. Lee JH Van der, De Groot V, Beckerman H, Wagenaar RC, Lankhorst
GJ, Bouter LM: The intra- and interrater reliability of the
action research arm test: a practical test of upper extremity
function in patients with stroke.  Archives of physical medicine and
rehabilitation 2001, 82(1):14-19.
83. Lyle RC: A performance test for assessment of upper limb
function in physical rehabilitation treatment and research.
International journal of rehabilitation research Internationale Zeitschrift fur
Rehabilitationsforschung 1981, 4(4):483-492.
84. Lee JH Van der, Wagenaar RC, Lankhorst GJ, Vogelaar TW, Deville
WL, Bouter LM: Forced use of the upper extremity in chronic
stroke patients: results from a single-blind randomized clin-
ical trial.  Stroke 1999, 30(11):2369-2375.
85. Collin C, Wade D: Assessing motor impairment after stroke:
a pilot reliability study.  Journal of neurology, neurosurgery, and psy-
chiatry 1990, 53(7):576-579.
86. Badke MB, Duncan PW: Patterns of rapid motor responses dur-
ing postural adjustments when standing in healthy subjects
and hemiplegic patients.  Physical therapy 1983, 63(1):13-20.
87. Duncan PW, Propst M, Nelson SG: Reliability of the Fugl-Meyer
assessment of sensorimotor recovery following cerebrovas-
cular accident.  Physical therapy 1983, 63(10):1606-1610.
88. Heller A, Wade DT, Wood VA, Sunderland A, Hewer RL, Ward E:
Arm Function after Stroke - Measurement and Recovery
over the 1st 3 Months.  Journal of Neurology Neurosurgery and Psy-
chiatry 1987, 50(6):714-719.
89. Mathiowetz V, Weber K, Kashman N, Volland G: Adult Norms for
the 9 Hole Peg Test of Finger Dexterity.  Occupational Therapy
Journal of Research 1985, 5(1):24-38.
90. Stolk-Hornsveld F, Crow JL, Hendriks EP, Baan R van der, Harmeling-
Wel BC van der: The Erasmus MC modifications to the
(revised) Nottingham Sensory Assessment: a reliable soma-
tosensory assessment measure for patients with intracranial
disorders.  Clinical Rehabilitation 2006, 20(2):160-172.
91. Lee JH Van der, Beckerman H, Knol DL, de Vet HC, Bouter LM: Clin-
imetric properties of the motor activity log for the assess-
ment of arm use in hemiparetic patients.  Stroke 2004,
35(6):1410-1414.
92. Uswatte G, Taub E, Morris D, Vignolo M, McCulloch K: Reliability
and validity of the upper-extremity Motor Activity Log-14
for measuring real-world arm use.  Stroke 2005,
36(11):2493-2496.
93. Duncan PW, Bode RK, Min Lai S, Perera S: Rasch analysis of a new
stroke-specific outcome scale: the Stroke Impact Scale.
Archives of physical medicine and rehabilitation 2003, 84(7):950-963.
94. Duncan PW, Wallace D, Lai SM, Johnson D, Embretson S, Laster LJ:
The stroke impact scale version 2.0. Evaluation of reliability,
validity, and sensitivity to change.  Stroke 1999,
30(10):2131-2140.
95. Stienen AH, Schouten AC, Schuurmans J, Helm FC van der: Analysis
of reflex modulation with a biologically realistic neural net-
work.  Journal of computational neuroscience 2007, 23(3):333-348.
96. Meskers CG, Schouten AC, De Groot JH, De Vlugt E, Van Hilten BJ,
Helm FC Van der, Arendzen HJ: Muscle weakness and lack of
reflex gain adaptation predominate during post-stroke pos-
ture control of the wrist.  J Journal of NeuroEngineering and Rehabil-
itation 2009, 6(1):29.
97. Vrba J, Robinson SE: Signal processing in magnetoencephalog-
raphy.  Methods 2001, 25(2):249-271.
98. Houweling S, Daffertshofer A, van Dijk BW, Beek PJ: Neural
changes induced by learning a challenging perceptual-motor
task.  Neuroimage 2008, 41(4):1395-1407.
99. Stam CJ, Nolte G, Daffertshofer A: Phase lag index: assessment
of functional connectivity from multi channel EEG and MEG
with diminished bias from common sources.  Human brain map-
ping 2007, 28(11):1178-1193.
100. Waller SM, Whitall J: Hand dominance and side of stroke affect
rehabilitation in chronic stroke.  Clinical Rehabilitation 2005,
19(5):544-551.
101. Richards LG, Senesac CR, Davis SB, Woodbury ML, Nadeau SE:
Bilateral arm training with rhythmic auditory cueing in
chronic stroke: not always efficacious.  Neurorehabilitation and
Neural Repair 2008, 22(2):180-184.
102. Van Peppen RP, Kwakkel G, Wood-Dauphinee S, Hendriks HJ, Wees
PJ Van der, Dekker J: The impact of physical therapy on func-
tional outcomes after stroke: what's the evidence?  Clinical
Rehabilitation 2004, 18(8):833-862.
Pre-publication history
The pre-publication history for this paper can be accessed
here:
http://www.biomedcentral.com/1471-2377/9/57/prepub